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Simultaneously phase-matched enhanced second and third harmonic generation
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Second and third harmonic generation vigl® three-wave mixing process can occur with high conversion
efficiency in a one-dimensional photonic band gap structure. We find that it is possible to simultaneously
achieve enhancement and exact phase-matching conditions of second harmonic and sum frequency generation,
o+2w—3w. It is also remarkable that high conversion efficiencies persist under tuning conditions that
correspond to a phase mismatch. While these conditions are quite unusual and cannot be achieved in any
known bulk material, we show that they can be easily obtained in finite layered structures by using and
balancing an interplay between material dispersion and the geometrical dispersion introduced by the structure.
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Simultaneous second and third harmonic generation viasing only a second-order nonlinearity, and by judiciously
x? interactions in bulk media was first investigated theo-taking advantage of the simultaneous availability of phase-
retically by Akhmanov and Khokhlovnddl]. After they re-  matching conditions and field localization effects inside the
alized the difficulty of achieving phase-matched, three-wavdinite structure. Therefore, we propose a simple way to
mixing (TWM) they concluded that: $uccessive three- achieve optimal conditions by tuning the fields to appropriate
frequency interactions are, for the present, not of interest for€Sonance peakgjthoutresorting to uniaxial crystals or pe-
nonlinear optics’ They found that it was impossible to rodic domain inversion, as required by QPM. We then test
achieve simultaneous phase-matching conditions for secorfi® Mmodel on a realistic AIN/SiOstack, and find that large
harmonic and sum-frequency generation in ordinary materi€Nhancements of conversion efficiencies, in excess of one
als. During the last 10 years, interest in nonlinear frequenc rder of magnltude, persist even under conditions of a slight
conversion has increased thanks to a technique referred to hase rmsmatch. . -
quasiphase matchingPM) [2—4]. Even though QPM was Pre_v|ously we showed that in a perlo_dlc structure phase-
devised in the 1960s by Armstromg al. [2], multicolor gen-  Matching conditions for second harmonic generafSHG)
eration (red, green, bluewas first reported by Yamamoto, [11’1_2 and frequency downconverspn could be fulfilled it
Yamamoto, and Taniuch] in a proton-exchanged, MgO- the fields were tuned to the appropriate resonance pegks of
doped LiNbQ waveguide. The process exploits the Ceren-the transmission spectrum: the effective dlsper5|9n intro-
kov configuration(6], which provides QPM conditions over duced by the geometry acts to compensate material disper-

a wide range of wavelengths. These experiments demoﬁ:‘-ion' We emphasize that the dispersive properties of finite

strated that QPM could be used to yield good conversiory'UCIUTES are not the same as the dispersive properties of
efficiencies for simultaneous multiwavelength generation,StrUCtures O_f |nf.|n|te length. The expression for the real Part
f the effective index for thé\ period structure can be writ-

and reopened the challenge for the realization of compace 11
multicolor laser sources for laser scanners, printers, and coldf" @s(11]
display device$7-9|.

It is a}lso pos.sible to a}chieve phasg matching .for three- Aler= c tan Y[ ztan(NB)cot 8)]+ Int %jL E W]’
wave mixing using a periodic modulation of the linear re- oNa T 2
fractive index, as first proposed by Bloembergen and Sievers (1)

[2] in reflection geometry. This technique allows interesting

applications of multicolor frequency generation, as recentlpvhere g is the Bloch phase for an infinite structure having
shown by Konotop and Kuzmiakl0]. In their work, the the same unit cell as the finite structure in question. ().
authors show that it is possible to achieve a double phaseontains all the information necessary for the phase-
matching condition for second and third harmonic generatiornatching conditions of a generic multiwave mixing process.
using simultaneous second- and third-order nonlinearities ifts an example, we consider a 40-period, mixedf-wave/
infinite structures, thus neglecting effects that arise from fielighth-wavePBG structure composed of air and a dispersive
localization. In this paper we show that a genéfiitite, one- material. We choose this particular arrangement because it
dimensional photonic band g4pBG) structure can be used allows easy tuning of all the fields near their respective band
to achieve efficient, simultaneous, collinegigbal (both for-  €dges and simultaneous access to a relatively high density of

ward and backwaidsecond and third harmonic generation modes(DOM) [11,12.
In Fig. 1 we show that beginning with this basic structure

it is possible to tune the fields so that the frequencies corre-
*Email address: mscalora@ws.redstone.army.mil spond to the Bloch phases given by
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(N-1) (@N-2) (N-3) sider pulse propagation in the presence of large index dis-
2 l ‘J continuities, and so we retain all second-order spatial deriva-

tives. However, we assume that pulse envelopes initially

M have duration much greater than the optical cycle during the

entire interaction. The method of integration is based on a

modification of the split-step algorithm that can handle re-
flections, and is discussed in detail in REE3]. The fields
can arbitrarily and conveniently be written as

3
E(z,t)=; gj(z,t) exd (kjz—wjt)] +c.c,,

Transmittance

3

RS D S Pn(z,0)=2 Pi(z,0)exd (kjiz— wjt)]+c.c.,
16 18 20 22 24 1

Q=0/0,
wheree; and P; are complex envelope functions. This de-
FIG. 1. Transmittance vs normalized frequency for a 20-periodcomposition highlights the fields’ angular frequencies. We
mixed \/2-\/8 structure. We use,;=1 for the low index material at assumew;=w, w,=2w, and wz=w,+w,;=3w with k;
all frequencies. We have introduced a small amount of dispersion=k = «/c, k,=2w/c, andk;=3w/c. It can then be shown
typical of semiconductors, such thatty({25)=1.481, ny()2)  that the nonlinear polarization takes the following form:
=1.453, anch,({,) =1.428 571 4. Under these conditions material
and geometrical dispersion combine to provide precise phase-
matching conditions ab, 2w, and 3v» near their respective band Pnu(zt)=x
edges as follows(); at the (N—1)th resonancef), at the (N 2)f % 1.2 .
—2)th resonance, an; at the (3\—2)th resonance. +2X( ){8“’83“’+ 2 £, tex(2kz=201)]

DEXz,t)=2x' ek es, T £d,E3,0 Y

+2x%¢ ,e0,exdi(3kz—3wt)]+c.C. ()]

a a a
Bo=(N=D) Bau=g(2N=2), Bau=5(3N—3). Since we are considering harmonics of a fundamental field,
(2)  the right-hand side of Eq3) contains multiple contributions
to the nonlinear source terms that are usually neglected under
For a reference wavelength of 1uim, the frequency» cor-  the rotating wave approximation. These terms were also
responds ton=1.5um; 20 hasA=0.75um; and 3 has noted and discussed early on in Ref], and to our knowl-
A=0.5um. The phase-matching condition for SHG is satis-edge have not been studied in this context before. The fields
fied if B,,=2B, [11]. Phase matching for the sum- at 2w and 3w are initially zero everywhere, and are generated
frequency generation will also be satisfied #5,= B>, in the backward and forward directions. Our choice of wave
+ B, - Our Egs.(2), and Fig. 1, show that both these condi- vectors corresponds to conditions consistent with a pump
tions are fulfilled simultaneously for our generic structure.field initially propagating in free space, located away from
Therefore, the description of the effective index given in Eq.the structure. Any phase modulation effects that arise from
(1) and Ref.[11] in terms of the Bloch phase and phase-multiple reflections and nonlinear interactions are fully ac-
matching conditions at resonance peaks amounts to theounted for in the dynamics of the complex field envelopes.
simple task of counting resonances, at least in the case Gherefore, assuming that pulses never become so short as to
periodic structurefl11]. For aperiodic structures the effective violate SVEAT, we integrate the equations of motion follow-
index formulation discussed in Reff11] is still valid, al-  ing the numerical model set forth in Refd.2], [13], which
though an alternative to our E¢l) must be sought. for the three-wave mixing process are,
We assume we are operating in a region where losses can
be neglected, and the nonlinear material is distributed in the 9 i 92 J
high index layers only12], with x>~ 144 pm/V. Although nzg(f) ce20(67)= 55— e20(87) 2 e20(€7)
23 29

this value may seem somewhat large, the precise magnitude

of x?) is not important because we compare a PBG structure +i W[nm(g) —1]2Q¢e,0(&,7)

with a bulk material that has the same nonlinear coefficient

and the same length, which in this case is roughly equivalent +i8m220x P ez0eh+3 85}, (4)
to one coherence length for the third harmo(Tiel) process.

Therefore, the reader should focus on the enhancement that i 52

comes about from the linear geometrical dispersion of thenm(g)—sm(g )=

d
—z&30(&,7)— —ze30(€,7)
structure, which will hold for anyw(? value. The equations 4730 ¢ &

that we integrate are derived from Maxwell's equation for +iw[n§()(§)—1]3ﬂs39(§, 7)
the field in a regime that we refer to as the slowly varying
envelope approximation in timé&VEAT) [12,13. We con- +i8m230xPe,0eq, (5)
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reflected. To some extent, TH conversion efficiency in-
creases as pulse duration increases, as previously observed
for SHG[12].

An examination of the figure reveals that, remarkably, the
PBG structure acts not only as a phase-matched bulk, a be-
havior to our knowledge impossible to reproduce with any
known bulk material, but it also enhances the interaction due
to the increased density of modes. We note that using a
structure with more periods leads to further decreases in the
threshold peak power, especially the power necessary to
reach crossing poimd, because in that case one can exploit
even stronger field localization effects that occur near the
band edge. For example, the band edge resonances discussed
0 05 10 15 20 25 30 35 a0 display a DOM about ten times higher than that of bulk. This
rather small DOM can be drastically increased with very
modest increases in structure length, since the DOM in-

FIG. 2. SH and TH conversion efficiencies as functions of thecréases nonlinearly ay? [14]. This kind of interplay also
pump peak intensity for the PBG structusslid lineg and anideal  Strongly suggests that the geometry of the structure can ef-
case of a plane wave propagating in a phase-matched(@ashed fectively be used to offset smajf® values, and we now
lines) of the same length and nonlinear coefficient as the PBG strucprovide an example.
ture. PointsA andB identify the peak input intensities for which the Recent publications have shown reasonable nonlinear co-
conversion efficiencies of second and third harmonic generation argfficients in sputtered AIN thin filméof order 10 pm/V due

Input Pump Intensity (GW/cm?)

equal. to the columnar nature of film growth, which provides the
anisotropy required for the onset of second-order nonlineari-
) 92 J ties [15]. Also porous silicon structures may be fabricated
na(é) ——ealé1)= 75 (9—5289(5, )= 8—589(6, 7) and engineered to the desired specifications, as recent experi-
ments showef16]. The nonlinearity may come as a result of
+i7r[n§l(§)—1]ﬂsﬂ(§,r) pore asymmetry16], and possibly doping. Alternatively,

one may resort to materials with relatively low nonlinear

coefficients, and drastically improve on the density of modes
(6) by increasing structure length. This may require further re-

finement of growing and deposition methods.

As an example, we follow the suggestions of Réf],

The complexity of the system of equatiof#-6) is immedi-  and consider a 30-period AIN/SjOmultilayer stack. As
ately apparent. In Fig. 2 we depict the conversion efficiencyyointed out in Ref[15], this kind of stack is particularly
7, defined as the ratio between the total energy of the gengiiractive because it might provide an alternative to more

erated field to the total energy of the input pulse, for tae 2 gypensive molecular beam epitaxy fabrication processes. In
and 3v fields as functions of the input peak intensities. WEerig. 3(a) we show the tuning conditions on the fields; in Fig.

assume incident pump pulses are approximately 2 ps in dl‘fs‘(b) we show the results of the integration of equations

ration, which s_atls_fy SVEAT. We also plag for a plane . (4—6) for this sample, and compare with SHG and third har-
wave propagating in an exactly phase-matched bulk material

that has the samg(® and the same length as the PBG struc—monIC generationTHG) from one coherence lengtfap-

ture. These conditions represent the best-case scenario, dg_rox!mately 7pum for THG). of AIN. Since the nonlinearity IS
scribed in Ref. [1], for a material that in reality does not relatively small, we consider the undepleted pump regime.

exist The dynamics is typical of a phase-matched interact e parameters and.the dispersion laws fqr both materials
re given in the caption. We found that while SHG can be

tion, though some notable differences arise. The crossin@ ) ) ’
points denoted byA and B in Fig. 2 represent input peak €xactly phase matched, i.8;,=28,,, geometrical disper-
powers that yield the same conversion efficiency for secon§On cannot fully compensate the material dispersion of both
and third harmonic generation. We note that for the ideamaterials. That isps,# B, + B2, , and the TWM process is
bulk materialB occurs at~4 GWi/cn?, while for the PBG  slightly mismatched. Nevertheless, the TH signal is tuned to
structureA occurs at~0.2 GW/cnf, a factor of 20 smaller the second resonance near its band edge, as shown in Fig.
for the PBG. In addition, in the neighborhood of 0.2 3(a), leading to a slight phase mismatch. The results depicted
GWicnt, the PBG conversion efficiency is at least two or-in Fig. 3(b) suggest that THG occurs at a ratg00 times

ders of magnitude greater than bulk’s conversion efficiencygreater than bulk THG, while SHG is increased by at least
In the case of the PBG structure, using 2 ps pulses alsone order of magnitude with respect to bulk.

makes a difference. The pulse is not only finite in extent, its These remarkable results show that it is not necessary to
bandwidth is also comparable to the bandwidth of the baneperate under perfect phase-matched conditions in order to
edge resonance, and so part of the incident energy is badiave efficient, simultaneous second and third harmonic gen-

o 20y (2
+i8m 0 xP{e3g830+ £2080} -
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FIG. 3. (a) Linear transmission vs wavelength
5 for a 30-period AIN292.6 nnm)/SiO, (91.38 nm
0 stack.(b) SH and TH conversion efficiencies as
450 700 950 1200 1450 functions of peak input intensity for the stack
(a) A (nm) of (a). The dispersion functions are as
follows: nan(\)=2.0016+ 1.86810 %/\2

—1.892810%/\* [18] and ngg,(\)=1.5028
+5.0227< 10 3/\2—8.2382<10 %/\*  (ubk7-
517643. Source: Schott-Glass catalogye com-
pare with a bulk AIN approximately 7um in
length.

0 0.1 0.2 0.3 0.4 05
(b) Input Pump Intensity (GW/cm?)

eration. They also show that these devices are flexible, mak&cond and third harmonic generation in multilayer stacks
the design process considerably easier, and relax experimehaving a second-order nonlinearity only. The process is
tal tolerances considerably while retaining relatively highbased on judiciously combining and balancing geometrical
conversion efficiencies. Finally we note that high conversiorand material dispersion, and does not require any compli-
efficiencies in THG require a triply resonant system. How-cated material processing such as poling. The process also
ever, we have seen that these conditions are not difficult toemains efficient under a variety of tuning conditions char-
fulfill for AIN/SIO ,. In any case, the purpose of the previousacterized by small departures from exact phase matching.
example is to provide motivation for experimental work. If The ability to exactly phase-match multicolor interactions is
materials with larger nonlinearities are desired, thenquite remarkable in the face of its impossibility in ordinary
Al,Ga, _,N/AIN stacks are good candidates. In fact, it can bematerials, even for higher harmonic generation. Even though
shown that the dispersion of &a_,N and AIN [17] can one may argue that the overall conversion efficiencies that
be almost completely overcome by the ensuing geometricake discussed may be obtained with current state-of-the-art
dispersion in favor of the production of efficient, phasedevices, the gain per unit length that results from a drastic
matched, and enhanced THG at wavelengths in the 500 nmeduction in sample length due to field localization effects is
range. In short, it is possible to design structures with feaseveral orders of magnitude larger compared to the gain per
tures similar to those described in Fig. 3 using materials thatnit length of any state-of-the-art, quasi-phase matched de-
have larger nonlinearities. vice. For this reason we remain confident that the devices

In conclusion, we have presented a new way to achievand methods we propose will become an attractive alterna-
simultaneous, globally phase-matched, enhanced, collinedive as the miniaturization trend continues.
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